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SUMMARY 

* 

A p r e l i m i n a r y  f l i g h t  e x p e r i m e n t  w a s  f lown to  g e n e r a t e  a f u l l - s c a l e  s u p e r s o n i c  
d a t a  base to a id  t h e  a s s e s s m e n t  of c o m p u t a t i o n a l  codes, to  improve i n s t r u m e n t a t i o n  
f o r  measur ing  boundary l a y e r  t r a n s i t i o n  a t  s u p e r s o n i c  speeds, and to  p r o v i d e  pre- 
l i m i n a r y  i n f o r m a t i o n  f o r  t h e  d e f i n i t i o n  of fol low-on programs. The e x p e r i m e n t  w a s  
c o n d u c t e d  u s i n g  a n  F-15 a i r c r a f t  t h a t  was modi f ied  w i t h  a small c l e a n u p  test  s e c t i o n  
o n  t h e  r i g h t  wing. R e s u l t s  are p r e s e n t e d  f o r  Mach (MI numbers from 0.9 t o  1.8 a t  
a l t i t u d e s  from 26,000 t o  55,000 f t .  They were combined t o  g i v e  a u n i t  Reynolds  
number rdnge  o f  1.7 to  4.0 m i l l i o n  per f t .  Angle o f  a t t a c k  v a r i e d  from a p p r o x i -  
m a t e l y  - l o  t o  l o o .  

A t  M 2 1 . 2 ,  t r a n s i t i o n  o c c u r r e d  n e a r  or a t  t h e  l e a d i n g  edge  f o r  the c l e a n  con- 
f i g u r a t i o n .  The f u r t h e s t  a f t  t h a t  t r a n s i t i o n  w a s  measured w a s  20 p e r c e n t  c h o r d  a t  
M = 0.9 and M = .0.97. N o  change  i n  t r a n s i t i o n  l o c a t i o n  w a s  o b s e r v e d  a f t e r  t h e  addi- 
t i o n  of a notch-bump on  t h e  l e a d i n g  edge  o f  t h e  i n b o a r d  side of  t h e  test  s e c t i o n  
which w a s  i n t e n d e d  to  minimize a t t a c h m e n t  l i n e  t r a n s i t i o n  problems. 

Some f l o w  v i s u a l i z a t i o n  w a s  a t t e m p t e d  d u r i n g  t h e  f l i g h t  e x p e r i m e n t  w i t h  b o t h  
s u b l i m i n g  c h e m i c a l s  and l i q u i d  c r y s t a l s .  However, d i f f i c u l t i e s  arose from t h e  
l imi t ed  time t h e  test  a i r c r a f t  was able to h o l d  tes t  c o n d i t i o n s  and  t h e  d i f f i c u l t y  
o f  p o s i t i o n i n g  t h e  p h o t o  c h a s e  a i r c r a f t  d u r i n g  s u p e r s o n i c  test p o i n t s .  T h e r e f o r e ,  
no s u p e r s o n i c  t r a n s i t i o n  r e s u l t s  were o b t a i n e d  u s i n g  f l o w  v i s u a l i z a t i o n .  

INTRODUCTION 

R e c e n t l y ,  t h e r e  h a s  been a renewed i n t e r e s t  i n  t h e  f e a s i b i l i t y  of o b t a i n i n g  
s i g n i f i c a n t  amounts of l a m i n a r  f l o w  a t  s u p e r s o n i c  speeds. Al though some s u p e r s o n i c  
boundary  l a y e r  t r a n s i t i o n  work w a s  done on wings i n  t h e  l a t e  1950s  (Banner  and 
o t h e r s ,  1958; McTigue and o t h e r s ,  1959)  and on t h e  Arnold E n g i n e e r i n g  Development 
C e n t e r  1 0 ° - t r a n s i t i o n  cone  ( F i s h e r  and Dougherty,  19821, t h e  most r e c e n t  and e x t e n -  
s i v e  boundary l a y e r  t r a n s i t i o n  work on l i f t i n g  s u r f a c e s  h a s  c o n c e n t r a t e d  on  t h e  
t r a n s o n i c  speed  r e g i o n  (Runyan and o t h e r s ,  1984; Meyer and o t h e r s ,  1987) .  I n  addi- 
tion, the development and increased sophistication of computational codes have led 
t o  a need f o r  a l a r g e  f u l l - s c a l e  e x p e r i m e n t a l  data base to  v a l i d a t e  t h e s e  codes. 

C o n s e q u e n t l y ,  t h e  NASA h e s - D r y d e n  F l i g h t  Research  F a c i l i t y  a t  Edwards,  C a l i f o r -  
n i a  c o n d u c t e d  a p r e l i m i n a r y  f l i g h t  e x p e r i m e n t  d u r i n g  t h e  w i n t e r  and s p r i n g  of 1986 
u s i n g  an F-15 a i r c r a f t .  The o b j e c t i v e s  of t h e  f l i g h t  e x p e r i m e n t  were to  generate a 
f u l l - s c a l e  s u p e r s o n i c  data  base for  a s s e s s i n g  c o m p u t a t i o n a l  tools,  to  improve 
i n s t r u m e n t a t i o n  f o r  measur ing  boundary  l a y e r  t r a n s i t i o n  a t  s u p e r s o n i c  speeds, and  t o  
p r o v i d e  i n f o r m a t i o n  f o r  t h e  d e f i n i t i o n  of  fol low-on programs. 

The f l i g h t  e x p e r i m e n t  examined Mach numbers r a n g i n g  from 0.9 t o  1.8 a n d  a l t i -  
t u d e s  from 26,000 t o  55,000 f t  to  g i v e  a range  of u n i t  Reynolds  numbers from 1.7 t o  
4.0 m i l l i o n  per f t .  Angle o f  a t t a c k  w a s  v a r i e d  from - l o  t o  a p p r o x i m a t e l y  l oo .  



NOMENCLATIJRE 

ALPHA 

BETA 

BL 

C 

CP 

HP 

I B  

L.S. 

M 

MINF 

OB 

PL 

PSINF 

QBAR 

Rn 

Rn t 

U.S.  

X 

x/c 

x/c  t 

Y 

2 

z /c  

a n g l e  of a t t a c k ,  deg 

a n g l e  of s ides l ip ,  d e g  

b u t t  l i n e ,  i n .  

a i r f o i l  c h o r d ,  ft 

p r e s s u r e  c o e f f i c i e n t  (PL-PSINF)/QBAR 

p r e s s u r e  a1 ti t u d e  , f t 

i n b o a r d  r o w  of p r e s s u r e  o r i f i c e s  

lower s u r f a c e  

Mach number 

free-stream Mach number 

o u t b o a r d  r o w  of p r e s s u r e  o r i f i c e s  

local s t a t i c  p r e s s u r e ,  l b / f t 2  

free-stream s t a t i c  p r e s s u r e  , l b / f  t2 

dynamic p r e s s u r e  , lb/f  t2 

Reynolds number based on f r e e - s t r e a m  c o n d i t i o n s  and local c h o r d  

t r a n s i t i o n  Reynolds  number 

u p p e r  s u r f a c e  

l o n g i t u d i n a l  d i m e n s i o n ,  i n .  

nondimens iona l  c h o r d  l o c a t i o n  

nondimens iona l  c h o r d  l o c a t i o n  of t r a n s i t i o n  

l a t e ra l  d imens ion ,  i n .  

ver t ica l  d imens ion ,  i n .  

nondimens iona l  v e r t i c a l  location 
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DESCRIPTION OF TEST AIRCRAFT AND W I N G  MODIFICATION 

. 

The f l i g h t  e x p e r i m e n t  w a s  conducted  u s i n g  an  F-15 twin-engine  f i g h t e r  a i r c r a f t .  
The F-15 a i r p l a n e  w a s  chosen  f o r  t h e  e x p e r i m e n t  p r i m a r i l y  because  of  i t s  Mach 2 
c a p a b i l i t y  and a v a i l a b i l i t y .  I n  a d d i t i o n ,  p r e v i o u s  f l i g h t  e x p e r i m e n t s  on t h e  F-15 
a i r p l a n e  showed t h a t  t h e  wing produced a f a v o r a b l e  pressure g r a d i e n t  (desirable f o r  
o b t a i n i n g  l amina r  f l o w )  t o  a p p r o x i m a t e l y  25 p e r c e n t  chord .  The F-15 a i r c r a f t  h a s  
45' of l e a d i n g  edge  sweep and u s e s  a NACA 6 4 ( A ) 0 4 . 6  a i r f o i l  a t  BL 155. A i r f o i l  
c o o r d i n a t e s  a t  s e v e r a l  b u t t  l i n e s  are  g iven  i n  table  1. These  v a l u e s  do n o t  i n c l u d e  
t h e  t h i c k n e s s  of t h e  wing m o d i f i c a t i o n .  

A foam and f i b e r g l a s s  c l e a n u p  t es t  s e c t i o n  w a s  p l a c e d  on t h e  r i g h t  wing of  t h e  
a i r c r a f t .  F i g u r e  1 shows an  i n - f l i g h t  pho tograph  of  t h e  F-15 a i r p l a n e  w i t h  t h e  foam 
and f i b e r g l a s s  t e s t  s e c t i o n .  T h i s  n e a r  p l an fo rm view shows t h e  r e l a t i v e  locat ion 
and  s i z e  of t h e  test  s e c t i o n .  The i n t e n d e d  pu rpose  of  t h e  foam and f i b e r g l a s s  tes t  
s e c t i o n  w a s  t o  e l i m i n a t e  any  p o s s i b l e  e f f e c t s  of s u r f a c e  roughness  or i m p e r f e c t i o n s .  
I t  r e t a i n e d  t h e  e x i s t i n g  a i r f o i l  shape  b u t  added a p p r o x i m a t e l y  3/16 t o  1/4 i n .  o f  
t h i c k n e s s .  T h i s  t h i c k n e s s  w a s  n e c e s s a r y  f o r  t h e  i n s t a l l a t i o n  of  i n s t r u m e n t a t i o n  
plumbing l i n e s .  The test  s e c t i o n  w a s  a p p r o x i m a t e l y  4 f t  wide ,  t h e  i n b o a r d  edge  a t  
BL 170 and  t h e  o u t b o a r d  edge  a t  BL 218. The a f t  edge o f  t h e  test  s e c t i o n  e x t e n d e d  
t o  a p p r o x i m a t e l y  30 p e r c e n t  chord  on t h e  i n b o a r d  s i d e  and a p p r o x i m a t e l y  35 p e r c e n t  
c h o r d  on t h e  o u t b o a r d  s i d e .  The drawing  i n  f i g u r e  2 shows t h e  e x a c t  l o c a t i o n  o f  t h e  
tes t  s e c t i o n  and t h e  chord  v a l u e s  f o r  t h e  i n b o a r d  and o u t b o a r d  e d g e s  o f  t h e  t e s t  
s e c t i o n .  I t  had t w o  r o w s  of 15 f l u s h  s t a t i c  pressure o r i f i c e s ,  one a t  BL 176, t h e  
o t h e r  a t  RL 212. The e x a c t  c h o r d  l o c a t i o n  of  t h e  or i€ices  i s  g i v e n  i n  table  2. 

The t e s t  s e c t i o n  w a s  c o n s t r u c t e d  u s i n g  one l a y e r  of  u n i d i r e c t i o n a l  f i b e r g l a s s  
unde r  1/8 i n .  p o l y u r e t h a n e  foam cove red  w i t h  f o u r  l a y e r s  o f  b id i rec t iona l  f i b e r g l a s s .  
The s u r f a c e  c o n s i s t e d  of body p u t t y  and p o l y e s t e r  p a i n t .  A c r o s s - s e c t i o n a l  d rawing  
o f  t h e  test s e c t i o n  is g i v e n  i n  f i g u r e  3 .  The wav iness  of  t h e  tes t  s e c t i o n  d i d  n o t  
exceed  0.0015 i n .  per 2 i n .  It  w a s  o r i g i n a l l y  p a i n t e d  w h i t e  b u t  w a s  r e p a i n t e d  b l a c k  
towards  t h e  end o f  t h e  e x p e r i m e n t  t o  f a c i l i t a t e  t h e  use  of l i q u i d  c r y s t a l s  f o r  f l o w  
v i s u a l i z a t i o n .  I n  a d d i t i o n ,  a notch-bump w a s  added t o  t h e  i n b o a r d  s i d e  of  t h e  t es t  
s e c t i o n  a f t e r  t h e  s i x t h  f l i g h t  to e l i m i n a t e  any possible e f f e c t s  of  an a t t a c h m e n t  
l i n e  t r a n s i t i o n  problem (Gaster, 1965). A pho tograph  of  t h e  notch-bump is  shown i n  
figure 4. 

A p o t e n t i a l  problem w i t h  t h i s  c o n s t r u c t i o n  t e c h n i q u e  f o r  h i g h  a l t i t u d e  and  
s u p e r s o n i c  u s e  was o b s e r v e d  a f t e r  s e v e r a l  test  f l i g h t s .  Sma l l  b l i s t e r s  o f  a p p r o x i -  
ma te ly  1/16 to  1/8 i n .  i n  diameter and a p p r o x i m a t e l y  0.002 to  0.010 i n .  h i g h  began t o  
a p p e a r  i n  t h e  p a i n t  a f t e r  a f l i g h t  i n  which t h e  maximum Mach and a l t i t u d e  were 1.8 
and 50,000 f t ,  r e s p e c t i v e l y .  Although t h e  b l i s t e r s  d i d  n o t  b r e a k  t h e  s u r f a c e  o f  t h e  
p a i n t ,  t h e y  p r e s e n t e d  a n  obv ious  problem f o r  u s i n g  t h i s  c o n s t r u c t i o n  t e c h n i q u e  a t  
Mach ( M )  numbers n e a r  2.0 and above €or l a m i n a r  f l o w  t e s t i n g .  The b l i s t e r s  were 
c a u s e d  by g a s  t h a t  was r e l e a s e d  as t h e  test s e c t i o n  w a s  exposed  t o  t h e  h i g h e r  t e m -  
p e r a t u r e s  caused  by f l y i n g  a t  s u p e r s o n i c  speeds .  The o r i g i n  of  t h e  g a s  is unce r -  
t a i n ,  b u t  i t  may have  been t r a p p e d  i n  t h e  body p u t t y  d u r i n g  c o n s t r u c t i o n  or formed 
by t h e  r e s i n  m a t e r i a l  d u r i n g  h i g h - t e m p e r a t u r e  exposure .  I n  a d d i t i o n ,  a l t i t u d e  w a s  
c o n s i d e r e d  t o  a i d  i n  t h e  f o r m a t i o n  of  t h e  b l i s t e r s  because  o f  t h e  r educed  p r e s s u r e  
a t  a l t i t u d e  r e s u l t i n g  i n  a s u b s t a n t i a l  p r e s s u r e  d i f f e r e n t i a l  between t h e  trapped g a s  
and  the a tmosphere .  
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INSTRUMENTATION 

Two separate i n s t r u m e n t a t i o n  s y s t e m s  w e r e  used f o r  t h e  f l i g h t  e x p e r i m e n t .  
Q u a n t i t i e s  s u c h  as f r e e - s t r e a m  Mach number, pressure a l t i t u d e ,  and a n g l e  of a t t a c k  
w e r e  o b t a i n e d  from t h e  a i r c r a f t ' s  main i n s t r u m e n t a t i o n  system. The main s y s t e m  u s e d  
t w o  a b s o l u t e  p r e s s u r e  t r a n s d u c e r s  f o r  measur ing  t o t a l  and s t a t i c  p r e s s u r e  from t h e  
f l i g h t  t e s t  P i to t - s t a t i c  probe mounted on a noseboom. 

The i n s t r u m e n t a t i o n  s y s t e m  for  t h e  test  s e c t i o n  c o n s i s t e d  o f  a 32-por t ,  elec- 
t r o n i c a l l y  s c a n n e d ,  m u l t i p l e  d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  u n i t ,  a n  absolu te  
p r e s s u r e  t r a n s d u c e r ,  and f i v e  tempera ture-compensa ted  h o t - f i l m  anemometers.  The 
d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  u n i t  w a s  used to measure p r e s s u r e s  from t h e  t w o  
rows of s t a t i c  p r e s s u r e  o r i f i c e s .  The a b s o l u t e  p r e s s u r e  t r a n s d u c e r  measured t h e  
p r e s s u r e  on t h e  r e f e r e n c e  s ide  of  t h e  d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  u n i t .  The 
tempera ture-compensa ted  h o t - f i l m  anemometers,  s imilar  to the s y s t e m  described i n  
C h i l e s  and Johnson (1985), w e r e  used to  measure  t r a n s i t i o n  l o c a t i o n .  Tempera ture-  
compensated h o t - f i l m  anemometers were used  b e c a u s e  c h a n g e s  i n  a m b i e n t ,  w a l l ,  or 
t o t a l  temperature c a n  a f f e c t  t h e  o u t p u t  s i g n a l  q u a l i t y  of uncompensated h o t - f i l m  
anemometers.  The h o t - f i l m  s e n s o r s  had a nominal  res 
p e r a t u r e  gages had a nominal  r e s i s t a n c e  of 50 ohms. 
h o t - f i l m  s e n s o r  and temperature gage as i n s t a l l e d  on 

B e c a u s e  o n l y  f i v e  h o t - f i l m  anemometers w e r e  ava i  
r e l o c a t e d  from f l i g h t  t o  f l i g h t  to  a c c u r a t e l y  d e f i n e  
locations of t h e  h o t  f i l m  f o r  t h e  v a r i o u s  f l i g h t s  of 
t ab le  3 .  The h o t - f i l m  s e n s o r s  remained i n  t h e  1 ,  2, 

s t a n c e  o f  12 ohms and t h e  t e m -  
F i g u r e  5 shows a c l o s e u p  of t h e  
t h e  test s e c t i o n .  

able on t h e  a i rc raf t ,  they w e r e  
t r a n s i t i o n  location. The c h o r d  
t h e  e x p e r i m e n t  are g i v e n  i n  
4, 10, and 1 5  p e r c e n t  c h o r d  

l o c a t i o n s  for  t h e  e n t i r e  l a t t e r  p o r t i o n  of t h e  e x p e r i m e n t .  F i g u r e  6 shows t h e  h o t -  
f i l m  s e n s o r s  mounted on  t h e  test  s e c t i o n  a t  5, 10,  15,  20, and 15 p e r c e n t  chord .  

FLOW VISUALIZATION 

A t  s e v e r a l  times d u r i n g  t h e  f l i g h t  t e s t  program, attempts were made to  u s e  f l o w  
v i s u a l i z a t i o n  as a s e c o n d a r y  means o f  d e t e r m i n i n g  t r a n s i t i o n  l o c a t i o n .  Al though no 
f l o w  v i s u a l i z a t i o n  r e s u l t s  are g i v e n ,  a d i s c u s s i o n  of  t h e  e f f o r t  i s  provided to  aid 
f u t u r e  deve lopment  of  f l o w  v i s u a l i z a t i o n  t e c h n i q u e s  for s u p e r s o n i c  f l i g h t .  I n i t i a l l y ,  
a m i x t u r e  of  n a p t h a l e n e  and red food  c o l o r i n g  w a s  used. The red food c o l o r i n g  w a s  
added  to  g i v e  greater c o n t r a s t  between t h e  w h i t e  t es t  s e c t i o n  and t h e  n a p t h a l e n e .  
Only  t w o  f l i g h t s  were f lown b e f o r e  t h e  n a p t h a l e n e  w a s  abandoned b e c a u s e  of opera- 
t i o n a l  d i f f i c u l t i e s .  The d i f f i c u l t i e s  arose from t r y i n g  to  a p p l y  t h e  correct amount 
o f  n a p t h a l e n e  t h a t  would n o t  s u b l i m e  d u r i n g  t h e  c l i m b  and a c c e l e r a t i o n ,  b u t  would 
s u b l i m e  d u r i n g  t h e  s h o r t  amount of  t i m e  ( a p p r o x i m a t e l y  10 t o  2 0  sec) on test c o n d i -  
t i o n s  t h a t  f ol lowed. 

A f t e r  t h e  e a r l y  p o r t i o n  of f l i g h t  tests, t h e  test  s e c t i o n  w a s  painted b l a c k  t o  
f a c i l i t a t e  t h e  u s e  o f  l i q u i d  c r y s t a l s  similar to  t h e  t e c h n i q u e  u s e d  i n  H o l m e s  and 
o t h e r s  ( 1  986). P r e s s u r e  s e n s i t i v e  l i q u i d  c r y s t a l s  (named by t h e  m a n u f a c t u r e r )  were 
used. O p e r a t i o n a l  d i f f i c u l t i e s  were s t i l l  e n c o u n t e r e d ,  however. I t  w a s  e x t r e m e l y  
d i f f i c u l t  t o  ge t  t h e  p h o t o  c h a s e  a i r c r a f t  i n  t h e  desired p o s i t i o n  d u r i n g  s u p e r s o n i c  
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t es t  r u n s  and w a s  v i r t u a l l y  impossible d u r i n g  test p o i n t s  where t h e  test a i r c r a f t  
w a s  i n  a t u r n .  Because o f  t h e s e  d i f f i c u l t i e s ,  l i q u i d  c r y s t a l  p h o t o s  were t a k e n  o n l y  
a t  l o w - t r a n s o n i c  speeds. An o b v i o u s  s o l u t i o n  would have been  to  mount a camera on 
t h e  test a i r c ra f t .  However, t h i s  would have e n t a i l e d  e x t e n s i v e  m o d i f i c a t i o n s  beyond 
t h e  scope of t h e  project. 

TEST CONDITIONS AND MANEUVERS 

T e s t  p o i n t s  were f lown a t  Mach numbers r a n g i n g  between 0.9 and 1.8 a t  a l t i t u d e s  
be tween 26,000 and 55,000 f t .  Mach number and a l t i t u d e  w e r e  combined to  g i v e  a u n i t  
Reynolds  number r a n g e  from 1.7 t o  4.0 m i l l i o n  per f t .  Angle of a t t a c k  ranged  from 
- 1 0  to  100. 

S t r a i g h t  and l e v e l  p o i n t s  w e r e  f lown for  a p p r o x i m a t e l y  20 sec. I n  order to  v a r y  
a n g l e  of a t t a c k ,  c o n s t a n t  g - l o a d i n g  t u r n s  were flown. Each c o n s t a n t  g - l o a d i n g  con- 
d i t i o n  w a s  h e l d  f o r  a p p r o x i m a t e l y  10 sec. A t  t h e  h i g h e r  Mach numbers and  i n c r e a s e d  
g - l o a d i n g ,  it w a s  of t e n  d i f f i c u l t  to  m a i n t a i n  b o t h  a i r s p e e d  and a l t i t u d e ,  t h e r e f o r e  
airspeed w a s  g i v e n  t h e  h i g h e r  p r i o r i t y .  T h i s  r e s u l t e d  i n  some cases where a l t i t u d e  
was allowed to  decrease to  m a i n t a i n  airspeed. 

RESULTS AND DISCUSSION 

T y p i c a l  P r e s s u r e  D i s t r i b u t i o n s  

T y p i c a l  pressure d i s t r i b u t i o n s  for M = 0.9, 1 . 2 ,  1.5, and 1.8 are shown i n  
f i g u r e  7. E x c e p t  fo r  t h e  i n b o a r d  r o w  a t  M = 0.9, t h e  pressure d i s t r i b u t i o n s  show a 
f a v o r a b l e  g r a d i e n t  to  a p p r o x i m a t e l y  20 p e r c e n t  c h o r d ,  or greater,  fo r  the i n b o a r d  
p r e s s u r e  o r i f i ce  row.  The o u t b o a r d  r o w  i n d i c a t e s  a f a v o r a b l e  pressure g r a d i e n t ,  a t  
l eas t  t o  t h e  a f t  most or i f ice ,  of 33 p e r c e n t ,  e x c e p t  for  t h e  lower a n g l e - o f - a t t a c k  
case a t  M = 0.9 where t h e  slope became n e g a t i v e  n e a r  20 p e r c e n t  c h o r d .  An i n c r e a s e  
i n  a n g l e  o f  a t t a c k . i n c r e a s e d  t h e  p r e s s u r e  measured a t  t h e  t w o  lower surface or i f ices  
as  would be e x p e c t k d  and decreased t h e  p r e s s u r e  on  t h e  upper  surface of t h e  test 
s e c t i o n .  A t  the 1 wer speed c a s e s ,  M = 0.9  and 1 . 2 ,  increased angle  of attack had a 
n o t i c e a b l e  e f f e c t  n t h e  s h a p e  o f  t h e  forward  p o r t i o n  of  t h e  p r e s s u r e  d i s t r i b u t i o n .  

T h e s e  pressure d i s t r i b u t i o n s  are p r e s e n t e d  f o r  t h e  t y p i c a l  case. T a b u l a t e d  
p r e s s u r e  c o e f f i c i e n t s  are p r e s e n t e d  i n  t h e  a p p e n d i x  for  Mach numbers a t  a n g l e s  of 
a t t a c k  r a n g i n g  from l o  t o  7O b u t  c a t e g o r i z e d  by u n i t  Reynolds  numbers of a p p r o x i -  
m a t e l y  1.7 and 2.0 m i l l i o n  per f t  f o r  b o t h  t h e  c l e a n  and notch-bump c o n f i g u r a t i o n .  
T a b u l a t e d  p r e s s u r e  c o e f f i c i e n t s  for t h e  h i g h e r  Reynolds  number cases where no  l a m i -  
n a r  f l o w  w a s  d e t e c t e d  are n o t  g i v e n .  

T y p i c a l  T r a n s i t i o n  R e s u l t s  

The o u t p u t  from t h e  h o t - f i l m  anemometers w a s  u s e d  t o  d e t e r m i n e  boundary  l a y e r  
t r a n s i t i o n .  F i g u r e  8 shows t y p i c a l  o u t p u t s  from t h e  f i v e  anemometers d u r i n g  a tes t  
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p o i n t  a t  M = 0.9, H p  = 40,600 f t .  In  f i g u r e  8 ( a )  where t h e  a n g l e  o f  a t t a c k  is  3 . 3 O ,  
t h e  h o t - f i l m  sensor a t  5 p e r c e n t  c h o r d  shows a n  o u t p u t  t y p i c a l  o f  t r a n s i t i o n a l  f l o w .  
The o t h e r  o u t p u t s  (10 ,  15 ,  and 20 p e r c e n t )  d e m o n s t r a t e  s i g n a l s  t y p i c a l  o f  t u r b u l e n t  
f low.  The a m p l i t u d e  o f  t h e  o u t p u t  f o r  t h e  10  p e r c e n t  c h o r d  anemometer i s  less than  
t h e  o t h e r s ,  for t h e  same f l o w  c o n d i t i o n ,  b e c a u s e  t h e  g a i n  of  t h a t  p a r t i c u l a r  anemo- 
meter w a s  i n a d v e r t e n t l y  set  l o w  for s e v e r a l  f l i g h t s .  

I n  f i g u r e  8 ( b )  where t h e  a n g l e  o f  a t t a c k  i s  5 . 0 ° ,  t h e  h o t  f i l m s  a t  5 and  1 0  per- 
c e n t  chord  i n d i c a t e  l a m i n a r  flow. The t w o  g a g e s  a t  15 p e r c e n t  chord  i n d i c a t e  l a m i -  
n a r  f l o w  w i t h  t u r b u l e n t  s p i k e s ,  and t h e  gaye a t  20 p e r c e n t  c h o r d  i n d i c a t e s  periods 
o f  t r a n s i t i o n a l  f l o w  and t u r b u l e n t  f l o w  w i t h  l a m i n a r  s p i k e s .  

A t  M > 1.2,  t r a n s i t i o n  o c c u r r e d  a t  or v e r y  n e a r  t h e  l e a d i n g  edge.  F i g u r e  9 shows 
a t y p i c a l  h o t - f i l m  o u t p u t  for  Mach numbers > 1.2. The f l i g h t  c o n d i t i o n s  € o r  t h i s  
p o i n t  w e r e  M = 1.73, H p  = 49,200, ALPHA = 4.5O. A l l  t h e  h o t - f i l m  gages i n d i c a t e  t u r -  
b u l e n t  f l o w .  Again,  t h e  g a i n  on t h e  1 0  p e r c e n t  chord  h o t  f i l m  w a s  se t  lower t h a n  t h e  
o t h e r s ,  t h u s  g i v i n g  t h e  l o w e r  a m p l i t u d e  s i g n a l .  I n  a d d i t i o n ,  t h e  i n b o a r d  1 5  p e r c e n t  
c h o r d  h o t  f i l m  f a i l e d  e a r l y  i n  t h e  f l i g h t  and w a s  i n o p e r a t i v e  €or t h i s  test p o i n t .  
O v e r a l l ,  t h e  tempera ture-compensa ted  h o t - f i l m  anemometers worked w e l l  f o r  d e t e r m i n i n g  
t r a n s i t i o n  l o c a t i o n  t h r o u g h o u t  t h e  Mach-number r a n g e  of  t h e  e x p e r i m e n t .  

Summary plots  o f  t h e  most a f t  t h a t  t r a n s i t i o n  o c c u r r e d ,  or optimum t r a n s i t i o n  
locat ion,  are g i v e n  i n  f i g u r e s  10 and  1 1 .  F i g u r e  1 0  p r e s e n t s  a p lo t  of optimum 
t r a n s i t i o n  l o c a t i o n  as a f u n c t i o n  of a n g l e  of a t t a c k  fo r  t h e  c l e a n  l e a d i n g - e d g e  
c o n f i g u r a t i o n  a t  M = 0.9. For  t h i s  Mach number, t h e  longest  r u n s  of  l a m i n a r  f l o w  
o c c u r r e d  a t  So  and 6 O  a n g l e  of a t t a c k .  Above 6 O  and below So a n g l e  o f  a t t a c k ,  
t r a n s i t i o n  o c c u r r e d  a t  5 p e r c e n t  chord  or less. 

F i g u r e  11 p r e s e n t s  optimum t r a n s i t i o n  l o c a t i o n  as a f u n c t i o n  o f  f r e e - s t r e a m  
Mach number f o r  b o t h  t h e  c l e a n  and notch-bump c o n f i g u r a t i o n s .  T r a n s i t i o n  occurred 
a t  2 0  p e r c e n t  c h o r d  a t  M = 0.9 and M = 0.97 for  t h e  c l e a n  c o n f i g u r a t i o n .  For  t h e  
notch-bump c o n f i g u r a t i o n  a t  M = 0.9, t r a n s i t i o n  o c c u r r e d  a t  a p p r o x i m a t e l y  1 5  percent 
c h o r d .  I t  i s  i m p o r t a n t  t o  n o t e  t h a t  even  though t h e  1 5  p e r c e n t  c h o r d  h o t  f i l m  n e v e r  
i n d i c a t e d  pure l a m i n a r  f l o w ,  t h e r e  w e r e  no h o t - f i l m  gages a f t  of  1 5  p e r c e n t  c h o r d  t o  
a c c u r a t e l y  d e t e r m i n e  t r a n s i t i o n  l o c a t i o n .  A t  M = 1.10 ( c l e a n  c o n f i g u r a t i o n )  and  M = 
1.16 (notch-bump c o n f i g u r a t i o n ) ,  t r a n s i t i o n  o c c u r r e d  a t  1 5  p e r c e n t  chord .  A t  M 2 
1.2, t r a n s i t i o n  o c c u r r e d  n e a r  t h e  l e a d i n g  edge for  b o t h  l e a d i n g - e d g e  c o n f i g u r a t i o n s .  
I t  is a p p a r e n t  t h a t  t h e  notch-bump had e s s e n t i a l l y  no e f f e c t .  

The cause o f  t h e  s h a r p  decrease i n  op t imum t r a n s i t i o n  locat ion and t h e  i n a b i l -  
i t y  to o b t a i n  l a m i n a r  f l o w  a t  M > 1.2 is u n c e r t a i n .  But  it is i m p o r t a n t  to  ment ion  
t h a t  a t  t h e  h i g h e r  Mach numbers ( M  = 1.2, 1.5, and 1.61, t h e  same a n g l e - o f - a t t a c k  
r a n g e  as a t  t h e  slower speeds w a s  a c h i e v e d ,  t h e r e f o r e  e l i m i n a t i n g  angle of a t t a c k  as 
a p o s s i b i l i t y .  

F i g u r e  1 2 p r e s e n t s  t r a n s i t i o n  Reynolds  number , based  on t h e  optimum t r a n s i t i o n  
l o c a t i o n ,  as a f u n c t i o n  of Mach number. The M = 1.16 tes t  p o i n t  w a s  o b t a i n e d  w i t h  
t h e  notch-bump on t h e  l e a d i n g  edge. T r a n s i t i o n  Reynolds  numbers for t h e  optimum 
cases d e c r e a s e d  from a p p r o x i m a t e l y  4 m i l l i o n  per f t  a t  M = 0.9 t o  2 m i l l i o n  a t  M = 
1.1 and t h e n  i n c r e a s e d  to  3 m i l l i o n  a t  M = 1.16. 
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CONCLUDING REMARKS 

A p r e l i m i n a r y  f l i g h t  e x p e r i m e n t  w a s  f lown to  g e n e r a t e  a f u l l - s c a l e  data base to  
a i d  w i t h  t h e  a s s e s s m e n t  of c o m p u t a t i o n a l  c o d e s  and improve i n s t r u m e n t a t i o n  and t e c h -  
n i q u e s  for  measur ing  boundary l a y e r  t r a n s i t i o n  a t  s u p e r s o n i c  speeds. 

d a r y  l a y e r  t r a n s i t i o n  t h r o u g h o u t  t h e  Mach r a n g e  o f  t h e  e x p e r i m e n t .  
1 .  Temperature-compensated h o t  f i l m s  worked e x t r e m e l y  w e l l  fo r  measur ing  boun- 

2. The l i m i t  of t h e  foam and f i b e r g l a s s  t e c h n i q u e  f o r  c o n s t r u c t i n g  c l e a n u p  test  
s e c t i o n s  or c o n t o u r i n g  desired a i r f o i l s  for  boundary l a y e r  t r a n s i t i o n  e x p e r i m e n t s  
appears to  be a p p r o x i m a t e l y  M = 1.8 and H p  = 50,000 f t  b e c a u s e  of t h e  o c c u r r e n c e  of 
s u r f a c e  blisters which spoil  t h e  o r i g i n a l  smooth s u r f a c e .  

3. T r a n s i t i o n  w a s  measured as f a r  a f t  as 20 p e r c e n t  c h o r d  a t  M = 0.90 and M = 
0.97. A t  M = 1.10 and M = 1.16, t r a n s i t i o n  was measured a t  1 5  p e r c e n t  chord .  A t  
M > 1.20, t r a n s i t i o n  o c c u r r e d  n e a r  t h e  l e a d i n g  edge.  Maximum o b s e r v e d  t r a n s i t i o n  
Reynolds  number f o r  t h i s  e x p e r i m e n t ,  NACA 64(A)04.6 a i r f o i l  w i t h  45O l e a d i n g - e d g e  
sweep, was a p p r o x i m a t e l y  4 m i l l i o n  per f t .  

4. T h e r e  w a s  no change  i n  optimum t r a n s i t i o n  l o c a t i o n  ( l i m i t e d  t o  a r e s o l u t i o n  
of 5 p e r c e n t  c h o r d  i n  some cases) w i t h  t h e  a d d i t i o n  of a notch-bump on t h e  l e a d i n g  
e d g e  of t h e  test  s e c t i o n .  

Ames R e s e a r c h  Center 
D r y d e n  F1 i g h t  Research Faci 1 i t y  
N a t i o n a l  A e r o n d u t i c s  and s p a c e  A d m i n i s t r a t i o n  
Edwards ,  California, Augus t  20, 1987. 
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APPENDIX - TABULATED PRESSURE COEFFICIENTS 

Mach ( M )  = 0.900 Pressure a l t i t u d e ,  f t  (Hp) = 40,637 
Angle of a t tack ,  deg (a) = 3.34 L . S .  = lower surface  U . S .  = upper Surface 
x /c  = nondimensional chord loca t ion  

Inboard row 

X / C l  % 

L.S. 1.3 
0.86 

0 
U.S. 0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

-0.008 
-0.023 

Inoperative 
-0.341 
-0.458 
-0.606 
-0.647 
-0 589 
-0.654 
-0.715 
-0.783 
-0.852 
-0.635 
-0.488 
-0.682 

M = 0.897 Hp = 40,580 a = 4.95 

Inboard r o w  

X / C I  % 

L.S. 1.3 
0.86 

0 
U.S. 0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

0.072 
0.199 

Inoperative 
-0.763 
-0.823 
-0.939 
-0.975 
-0.972 
-1 -028 
-1.064 
-1 e076 
-1.082 
-1 -041 
-1 -030 
-0.908 

Outbonrd row 

X / C l  % 

L.S. 1.50 
1 .oo 
0 

U.S. 1 .oo 
1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 

33.00 
22.70 

Outboard row 

X / C l  % 

L.S. 1.50 
1 .oo 

U.S. 1 .oo 
1.40 
3.60 
7.00 
9.10 

11 e30 
14.00 
16.80 

0 

19.60 
22 40 
22 70 
33.00 

-0.309 
-0.335 

0.381 
-0.238 
-0.342 
-0.448 
-0.586 
-0.625 
-0.634 
-0.677 
-0.71 1 
-0.762 

Inoperative 
-0.624 
-0 676 

-0.043 
0.004 
0.051 

-0.644 
-0.712 
-0.837 
-0.901 
-0.921 
-0.974 
-0.991 
-0.998 
-1.022 

Inoperative 
-1 -066 
-1.127 



M =  0.910 H p  = 38,101 a = 2.09 

Inboa rd  r o w  

x/c. % 

L.S. 1.3 
0.86 
0 

U.S. 0.73 
1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

-0.269 
-0 364 

Inope  r a ti ve 
-0.141 
-0.247 
-0.393 
-0.514 
-0.586 
-0.538 
-0.487 
-0.500 
-0.524 
-0.542 
-0.500 
-0.632 

M = 0.916 H p  = 37,221 CX = 5.47 

Inboa rd  row 

X / C I  % 

L.S. 1.3 
0.86 
0 

U.S. 0.73 
1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

or 202 
0.245 

I n o p e r a t i v e  
-0.756 
-0.797 
-0.939 
-0.939 
-0.947 
-0.980 
-1 e01 5 
-1 e064 
-1 -087 
-1  e041 
-0.988 
-1.146 

Outboard r o w  

L.S. 1.50 
1 .oo 

0 
U.S. 1 .oo 

1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 
22.70 
33.00 

Outboard row 

X/C, % 

L . S .  1.50 
1.00 
0 

U.S. 1 .oo 
1040 
3.60 
7.00 
9.10 

1 1 . 3 0  
14.00 
16.80 
19.60 
22.40 
22 70  
33.00 

-0.719 

0.330 

-0.146 

-00 729 

-0 066 

-0.292 
-0.447 
-0.495 
-0.523 
-0.561 
-0.598 
-0.557 

I n o p e r a t i v e  
-0.543 
-0.637 

0.041 
0.059 
0.037 

-0.640 
-0.724 
-0.835 
-0.872 
-0.947 
-0.940 
-0.965 
-0 988 
-1 e026 

I n  o p e r a  ti ve 
-1,052 
- 1  -089 
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M = 1.186 Hp = 45,876 a = 2.00 

Inboard row 

x/c* % 

L.S. 1.3 
0.86 

0 
U.S. 0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20. 10 
25.00 
29.80 

-0.382 
-0.41 7 

Inopera ti ve 
0.136 
0.049 

-0 098 
-0.202 
-0.220 
-0.268 
-0.302 
-0.373 
-0 446 
-0.415 
-0.385 
-0.431 

M = 1.198 Hp = 45,638 a = 6.35 

Inboard row 

x/c. % 

L.S. 1 e3 
0.86 
0 

U.S. 0.73 
1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

0.203 
0.200 

Inope ra  t i ve 
-0.193 
-0.261 
-0.384 
-0 449 
-0 481 
-0.504 
-0.547 
-0 565 
-0.623 
-0.582 
-0.561 
-0.674 

Outboard row 

x/c, !% 

L.S. 1 .SO 
1.00 

0 
U.S. 1 .oo 

1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 
22.70 
33.00 

Outboard row 

x/c* % 

L . S .  1.50 
1 .oo 

U . S .  1 .oo 
1.40 
3.60 
7.00 
9.10 

11 - 3 0  
14.00 
16.80 
19.60 

22.70 
33.00 

0 

22.40 

-0.570 
-0.578 

0.452 
0.200 
0.144 

-0 004 
-0.125 
-0.180 
-0.245 
-0.260 
-0.31 7 
-0.328 

Inope r a ti ve 
-0.377 
-0.427 

-0 077 
-0.102 

0.406 
-0.102 
-0.171 
-0.288 
-0.358 
-0.421 
-0.457 
-0.476 
-0.51 7 
-0.514 

Inoperative 
-0.582 
-0.620 
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M = 1.210 Hp = 41,891 a = 1.42 

Inboard r o w  Outboard row 

X/CI % 

L.S. 1.3 -0,412 
0.86 -0.480 

0 Inopera ti ve 
U.S. 0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

0.194 
0.109 

-00 043 
-0.133 
-0.187 
-0.230 
-0.271 
-0.333 
-0 0 366 
-0.v 351 
-00 347 
-0 364 

Inboard row 

x/c, % 

L.S. 1.3 
0.86 

0 
U.S. 0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

0.125 

Inoperative 
0.088 

-0.058 
-0.134 
-0.252 
-00341 
-0.399 
-0.400 
-0.452 
-0.501 
-00472 
-00 504 
-0.512 
-0.602 

a = 4.95 

X/CI %i 

L . S .  1.50 
1 .oo 
0 

U.S. 1 .oo 
1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 
22.70 
33.00 

Outboard  row 

X/CI % 

L.S. 1.50 
1 .oo 
0 

U . S .  t .oo 
1.40 
3.60 
7.00 
9.10 

11 .30  
14.00 
16.80 
19.60 
22.40 

33.00 
22 70 

-0.604 
-0.600 

0.438 
0.235 
0.188 
0.062 

-0 078 
-0.146 
-0.183 
-00 224 
-0.287 
-0 287 

Inoperative 
-0.335 
-0.385 

-0.193 
-0.359 

0.476 
0.038 
0.002 

-0.147 
-0.255 
-0.319 
-0.353 
-0 386 
-0.424 
-0.404 

Inoperative 
-0 500 
-0.516 
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I 

M = 1.501 Hp = 50,924 a = 2.02 

I 
Inboard r o w  

x/c, % 

L.S. 1 e3 
0.86 

0 
U.S. 0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

M = 1.442 Hp 

Inboard row 

x/c, % 

L.S. 1 a3 
0.86 

0 
U.S. 0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

-0.180 
-0.231 

Inopera ti ve 
0.268 
0.206 
0.062 

-0.025 
-0.072 
-0.087 
-0.133 
-0.183 
-0.224 
-0.245 
-0.231 
-0 277 

= 50,965 

0.315 
0.31 2 

o = 6.94 

Inoperative 
-0.024 
-0.088 
-0.174 
-0 240 
-0.281 
-0.296 
-0.330 
-0.365 
-0.392 
-0 400 
-0.355 
-0.441 

Outboard r o w  

x/c, % 

L.S. 1.50 
1.00 
0 

U.S. 1 .oo 
1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 

22.40 
22.70 

19.60 

33.00 

Outboard r o w  

x/c, % 

L.S. 1.50 
1.00 
0 

0,s. 1 .oo 
1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 
22 70 
33.00 

-0.202 
-0.208 

0.537 

0.271 
0.155 

0.328 

0.043 
-0.016 
-0.052 
-0.103 
-0.1 35 
-0.152 

Inoperative 
-0.197 
-0.232 

0.147 
0.032 
0.51 1 
0.067 

-0.009 
-0.092 
-0.165 
-0.221 
-0.237 
-0.270 
-0 297 
-0.325 

Inoperative 
-0.360 
-0.383 
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M = 1.495 H p  

Inboa rd  r o w  

x/c, % 

L.S. 1.3 
0.86 
0 

U.S. 0.73 
1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

= 46,858 a = 1.28 

Outboard row 

-0.334 
-0.281 

I n  opera ti ve 
0.313 
0.247 
0.099 

-0.001 
-0.044 
-0 068 
-0.122 
-0.163 
-0.205 
-0.21 1 
-0.21 1 
-0.250 

M = 1.458 Hp = 46,414 a = 5.46 

Inboa rd  r o w  

x/c, % 

L . S .  1.3 
0.86 

0 
U.S. 0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25 00 
29.80 

0.193 
0.153 

I n o p e r a t i v e  
0.037 

-0.021 
-0.138 
-0.21 3 
-0 258 
-0- 282 
-0.325 
-0.337 
-0.358 
-0.353 
-0.351 
-0.434 

x/c, % 

L.S. 1.50 
1 .oo 

0 
1 .oo 
1.40 
3.60 
7.00 
9.10 

11.30 
14.00 

19.60 
16.80 

22 40 
22 70 
33.00 

Outboard row 

x/c, % 

L.S. 1.50 
1 .oo 
0 

U.S. 1 .oo 
1.40 
3.60 
7.00 
9.10 

1 1 . 3 0  

14.00 
16.80 
19.60 
22.40 
22 70 
33.00 

-0 429 
-0 458 

0.530 
0.347 
0.285 
0.172 
0.068 
0.022 

-0 007 
-0 058 
-0.100 
-0.117 

I n  o p e r a  t i ve 
-0.155 
-0.200 

-0.245 
-0.323 

0.520 
0.124 
0.069 

-0 049 
-0.126 
-0.159 
-0.208 
-0.238 
-0.267 
-0 28 1 

I n o p e r a t i v e  
-0.341 
-0.371 
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~ 

I M = 1.798 Hp = 54,651 a = 1.04 

Inboard r o w  

x/c, % 

0.86 
0 

U.S. 0.73 
1.20 
3.30 
6.20 
8.20 

L.S. 1.3 

I 10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

-0.229 
-0.179 

Inopera ti ve 

0.343 
0.204 
0.111 
0.056 
0.044 

-0.01 1 
-0 066 
-0.110 
-0.118 
-0.122 
-0.161 

0.423 

M = 1.759 H p  = 54,100 

Inboard r o w  

x/c, 5li 

L.S. 1.3 
0.86 
0 

U.S. 0.73 
1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

0.239 

Inopera ti ve 
0.156 
0.096 

-0.009 
-0 080 
-0.128 
-0.161 
-0.187 

0.228 

-0.230 
-0.244 
-0 242 
-0.223 
-0.294 

a = 7.64 

Outboard row 

X/C?  % 

L.S. 1.50 
1 .oo 
0 

1 .oo 
1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 

33.00 
22 70 

Outboard row 

x/c, % 

L.S. 1.50 
1.00 

0 
U.S. 1 .oo 

1.40 
3.60 
7.00 
9.10 

11 - 3 0  
14.00 
16.80 
19.60 
22 40 
22. 70 
33.00 

-0.31 7 
-0.31 9 

0.578 
0.441 
0.380 
0.275 
0.178 
0.124 
0.075 
0.035 
-0 007 
-0.028 

Inoperative 
-0 066 
-0 095 

-0 098 
-0.160 

0.585 
0.21 5 
0.153 
0.048 

-0.025 
-0.062 
-0.090 
-0.132 
-0.161 
-0.175 

Inoperative 
-0.21 9 
-0.245 

I 
I 
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M = 1.796 Hp = 49,029 a = 2-03 

I Inboa rd  row Outboard row 

x/c, % 

L.S. 1.3 -0.197 
0.86 -0.157 

0 I n o p e r a t i v e  
U.S. 0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

0.407 
0.344 
0.194 
0.100 
0.049 
0.021 

-0.008 
-0.054 
-0.096 
-0.116 
-0.110 
-0.164 

M = 1.732 Hp = 49,166 

Inboa rd  r o w  

L.S. 1 e 3  
0.86 

0 
U . S .  0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

-0.116 
-0 058 

Inope  r a ti ve 
0.316 
0.248 
0.1 09 
0.01 5 

-0.030 
-0.060 
-0.095 
-0,115 
-0.154 
-0.174 
-0.202 
-0.223 

a = 4.51 

X/C? % 

L.S. 1.50 
1.00 
0 

U.S. 1 .oo 
1.40 
3.60 
7 .OO 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 
22.70 
33.00 

Outboard row 

X/C? % 

L.S. 1 e50 
1 .oo 
0 

U.S. 1 .oo 
1.40 
3.60 
7.00 
9.10 

1 1 - 3 0  
14.00 
16.80 
19.60 
22.40 
22.70 
33.00 

-0.301 
-0.299 

0.598 
0.430 
0.384 
0.274 
0.169 
0.118 
0.084 
0.039 

-0.003 
-0.022 

I n o p e r a t i v e  
-0.066 
-0.104 

-0.259 
-0.270 

0.609 
0.347 
0.299 
0.189 
0.085 
0.025 
0.009 

-0.033 
-0.067 
-0 093 

I n o p e r a  ti ve  
-0.136 
-0.161 
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I M = 0.898 Hp = 39,662 a = 3.33 
with  notch-bump 

Inboard row 

x/c, % 

L.S. 1.3 
0.86 
0 ' U.S. 0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

-0.110 
-0.133 

Inopera ti ve 
-0.31 9 
-0.415 
-0.582 
-0.577 
-0 650 
-0.689 
-0.709 
-0.625 
-0.558 
-0.554 
-0.538 
-0.669 

M = 0,882 Hp = 39,331 a = 7.32 
With notch-bump 

Inboard r o w  

x/c, % 

L.S. 1.3 
0.86 

I 0 
U.S. 0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

0.268 

Inoperative 
0.320 

-1 31 5 
-1.315 
-1.258 
-1.314 
-1.330 
-1 . 354 
-1 357 
-1 -410 
-1 -41  1 
-1 e422 
-1.311 
-1 404 

Outboard row 

x/c, % 

L.S. 1 a50 
1 .oo 

U.S. 1 .oo 
1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 

0 

19.60 
22.40 
22.70 
33.00 

Outboard row 

x/c,  % 

L.S. 1.50 
1 .oo 
0 

U.S. 1 .oo 
1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 
22.70 
33.00 

-0.506 
-0.493 

0.342 
-0.21 3 
-0 297 
-0 406 
-0.562 
-0.599 
-0.576 
-0.595 
-0 644 
-0.660 

Inoperative 
-0.653 
-0.71 8 

0.146 
0.217 

-0 498 
-1.138 
-1.195 
-1 266 
-1.318 
-1.349 
-1 327 
-1 e316 
-1 382 
-1 342 

Inoperative 
-1.009 
-0 966 

I 
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M = 1.193 H p  = 47,108 a = 2.88 
With notch-bump 

Inboa rd  r o w  

x/c, % 

L.S. 1.3 
0.86 
0 

U.S. 0.73 
1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

M = 1.157 Hp 

-0.344 
-0.392 

I n o p e r a t i v e  
0.098 
0.007 

-0.159 
-0.243 
-0 306 
-0 301 
-0.355 
-0.41 1 
-0.450 
-0 493 
-0.436 
-0.484 

With notch-bump 
= 45,380 a = 8.60 

Inboa rd  r o w  

x / c ,  % 

L.S. 1.3 
0.86 
0 

U.S. 0.73 
1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

0.325 
0.353 

I n o p e r a t i v e  
-0.432 
-0.459 
-0.571 
-0.633 
-0 645 
-0.675 
-0.702 
-0.737 
-0.776 
-0.773 
-0.703 
-0.783 

Outboard r o w  

x/c, % 

L.S. 1.50 
1 .oo 
0 

U.S. 1 .oo 
1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 

33.00 
22.70 

Outboard r o w  

x / c ,  % 

L.S. 1.50 
1 .oo 
0 

[J .S.  1 .oo 
1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 

33.00 
22.70 

-0.327 
-0.31 0 

0.480 
0.159 
0.094 

-0.030 
-0.163 
-0.240 
-0.263 
-0.31 1 
-0.327 
-0.325 

I n o p e r a t i v e  
-0 408 
-0.467 

0.163 
0.181 
0.235 

-0.329 
-0.392 
-0.506 
-0.554 
-0 594 
-0.622 
-0.640 
-0.664 
-0.670 

Inope r a ti ve 
-0.722 
-0.756 
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M = 1.472 Hp = 50,311 a = 1.81 
with notch-bump 

Inboard row 

x/c,  % 

L.S .  1.3 
0.86 
0 

U . S .  0.73 
1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25 00 
29.80 

-0.201 
-0.218 

Inoperative 
0.281 
0.209 
0.059 

-0.038 
-0.082 
-0.097 
-0.129 
-0.174 
-0.226 
-0.243 
-0.238 
-0 265 

M = 1.405 Hp = 50,765 a = 8.18 
w i t h  notch-bump 

Inboard r o w  

x/c, % 

L . S .  1.3 
0.86 
0 In' 

U.S. 0.73 
1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29 80 

0.334 
0.364 
perat iv  

-0.137 
-0.185 
-0.298 
-0.353 
-0.383 
-0.405 
-0.434 
-0.467 
-0.483 
-0.493 
-0.447 
-0.486 

! 

Outboard r o w  

x/c, % 

L . S .  1.50 
1 .oo 
0 

U.S. 1.00 
1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 
22.70 
33 00 

Outboard r o w  

x/c, % 

L . S .  1 e 5 0  
1 .oo 
0 

U.S. 1 .oo 
1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 
22.70 
33.00 

-0.174 
-0.170 

0.553 
0.327 
0.270 
0.167 
0.044 
0.004 

-0.047 
-0.089 
-0.1 31 
-0.143 

Inoperative 
-0 207 
-0.243 

0.181 
0.147 
0.429 

-0 048 
-0.123 
-0.227 
-0.275 
-0.322 
-0.340 
-0.373 
-0.395 
-0.409 

Inoperative 
-0 445 
-0.480 



M = 1.669 Hp = 54,508 a = 7.94 
With notch-bump i 

I Inboard row 

v c ,  

L . S .  1.3 
0.86 

0 
U . S .  0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

0.262 
0.297 

Inoperative 
0.072 
0.01 7 

-0.101 
-0.157 
-0.200 
-0.223 
-0.257 
-0.283 
-0.308 
-0.310 
-0.275 
-0.346 

M = 1.715 Hp = 54,577 a = 1.30 
With notch-bump 

Inboard row 

x/c ,  % 

L.S .  1.3 
0.86 
0 

U.S. 0.73 
1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

-0 288 
-0.224 

Inoperative 
0.344 
0.277 
0.130 
0.047 

-0.01 9 
-0.032 
-0.058 
-0.127 
-0.1 53 
-0.176 
-0.179 
-0.218 

Outboard row 

x/c, % 

L.S.  1 e50 
1.00 
0 

U.S. 1 .oo 
1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 
22.70 
33 00 

Outboard row 

x/c ,  % 

L.S. 1.50 
1.00 
0 

U.S. 1.00 
1.40 
3.60 
7-00 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 
22.70 
33.00 

0.041 
0.017 
0.533 
0.116 
0.091 

-0.028 
-0.093 
-0.129 
-0.171 
-0.186 
-0.233 
-0.258 

Inopera ti ve 
-0.271 
-0.291 

-0,381 
-0.395 

0.526 
0.373 
0.31 3 
0.21 2 
0.101 
0.055 
0.027 

-0.029 
-0.071 
-0.090 

Inoperative 
-0.140 
-0.172 
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M = 1.193 H p  = 41,931 a = 1.09 
With notch-bump 

Inboa rd  row 

x/c, % 

L.S. 1.3 
0.86 

0 
U.S. 0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

-0.436 
-0.495 

In  opera ti ve 
0.188 
0.115 

-0.047 
-0.1 31  
-0.200 
-0.229 
-0.281 
-0.329 
-0 346 
-0.349 
-0.339 
-0.367 

M = 1.182 Hp = 41.533 a = 5.24 
w i t h  notch-bump 

Inboa rd  row 

x/c, .% 

L.S. 1.3 
0.86 

0 
U.S. 0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

0.136 
0.1 37 

I n o p e r a t i v e  
-0.134 
-0.240 
-0.372 
-0.412 
-0.469 
-0 479 
-0.501 
-0.551 
-0.540 
-0.570 
-0.563 
-0.637 

Outboard row 

x/c, % 

L.S. 1 .50 
1 .oo 
0 

U.S. 1 .oo 
1.40 
3.60 
7.00 
9.10 

11.30 
14.00 

19.60 
16.80 

22.40 
22.70 
33.00 

Outboard row 

x/c, % 

L.S .  1 e 5 0  
1 .oo 

0 
U.S. 1 .oo 

1.40 
3.60 
7.00 
9.10 

11.30 
14.00 
16.80 
19.60 
22.40 
22.70 
33.00 

-0.367 
-0 364 

0.445 
0.260 

0.062 
-0.077 
-0.137 
-0.180 
-0.232 

0.192 

-0.274 
-0.287 

I n o p e r a t i v e  
-0.352 
-0 369 

-0.209 
-0.215 

0.451 
-0.067 
-0.101 
-0.214 
-0- 332 
-0 404 
-0 445 
-0.456 
-0.509 
-0.494 

I n o p e r a t i v e  
-0.545 
-0.577 
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M = 1.493 H p  = 47,021 a = 1-11 
w i t h  notch-bump 

I n b o a r d  r o w  

x/c, % 

L.S. 1.3 
0.86 

0 
U.S. 0.73 

7 020 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25.00 
29.80 

M = 1.478 H p  

-0.235 
-0 270 

I n  opera ti ve 
0.345 
0.259 
0.117 
0.01 1 

-0.035 
-0.056 
-0.102 
-0.156 
-0.202 
-0.208 
-0.21 3 
-0.247 

With notch-bump 
= 46,098 a = 5.57 

I n b o a r d  r o w  

x/c, % 

L.S. 1.3 
0.86 

0 
U.S. 0.73 

1.20 
3.30 
6.20 
8.20 

10.20 
12.60 
15.10 
17.50 
20.10 
25 00 
29.80 

0.181 

I n o p e r a t i v e  
0.062 
0.01 1 

-0.101 
-0.185 
-0.243 

0.186 

-0.270 
-0.303 
-0.339 
-0.358 
-0.350 
-0.340 
-0.408 

Outboard row 

x/c, % 

L.S. 1.50 
1 .oo 

U.S. 1 .oo 
1.40 
3.60 
7.00 
9.10 

11 - 3 0  
14.00 
16.80 

0 

19.60 
22.40 
22.70 
33.00 

Outboard r o w  

x/c, % 

L.S. 1 .SO 
1 .oo 
0 

U.S. 1 .oo 
1.40 
3.60 
7.00 
9.10 

11 e30 
14.00 
16.80 
19.60 
22 40 
22.70 
33.00 

-0 204 
-0.217 

0.549 
0.367 
0.309 
0.200 
0.081 
0.028 

-0.01 0 
-0.041 
-0.092 
-0.118 

I n o p e r a t i v e  
-0.167 
-0.205 

-0.227 
-0.271 

0.51 1 
0.127 
0.063 

-0.035 
-0.121 
-0.164 
-0.203 
-0.236 
-0.267 
-0.313 

I n o p e r a  t i ve 
-0.327 
-0.352 
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TABLE 1. - F-15 AIRFOIL COORDINATES 
Butt line (BL) 160 i n .  

Upper surface  Lower surface  

0.00000000 
0.00059247 
0.00223626 
0.0041 5688 
0.00888825 
0.02854337 
0.04855364 
0.09894502 
0.1 4937433 
0 . 199671 05 
0.24982642 
0.29987906 
0.34988075 
0.39987320 

0.49991540 
0.54996425 
0.60001482 
0.6500531 2 

0.75007340 

0.44988255 

0.70007212 

0.80006502 
0.85005878 
0.90006005 
0.95005843 
0.98004020 
0.99002727 
1 . 00000000 

0.00000000 
0.00204976 
0.0041 5909 
0.00503680 
0.00761491 
0.01469216 
0.01 979557 
0.02850951 
0.03381859 

0.03931962 

0.041 45605 
0.04172819 
0.041 51 548 
0.04081573 

0.03800423 

0.03716926 

0.04068059 

0.03963478 

0.03598742 
0.03367442 
0.031 16691 
0.02855171 
0.02586397 

0.01985590 
0.01 759840 
0.01675709 

0.02303923 

0.01 564020 

0.00000000 
0.001 40765 
0.00376388 
0.00584315 
0.01111231 
0.031 45677 
0.05144643 
0.101 05463 
0.15062629 
0.20032923 
0.25017399 
0.30012100 
0.3501 1938 

0.4501 1780 
0.50008453 

0.59998531 
0.64994708 

0.4001 2700 

0.55003582 

0.69992774 
0.74992654 
0.79993498 
0.84994095 

0.949941 84 
0.97995980 
0.98997252 
1.00000000 

0.89993974 

0.00000000 
-0.001 59829 
-0.00281839 
-0.00282515 
-0.00330331 
-0.00300669 
-0.00218559 
-0.00095231 
-0.00103670 
-0.001 84030 
-0.00278309 
-0.00347595 
-0.00371 327 
-0.00343121 
-0.00266167 
-0.00148894 
-0.00001655 
0.001 65827 
0.00346009 
0.00533976 
0.00726948 
0.00922871 
0.01 1 1  7663 
0.01 301 631 
0.01454806 
0.01 51 771 5 
0.01 53 1408 
0.01564020 
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TABLE 1 .  - Continued. 

BL 190 

Upper surface  

0.00000000 
0.000671 35 
0.00236780 
0.00427904 
0.00900515 
0.02852992 
0.04840646 
0.09859657 
0.14896463 
0.1 9927878 
0.24949614 
0.29963588 
0.34973020 
0.39980801 
0.44988623 
0.49996751 

0.60011338 

0.7001 7766 
0.7501 7323 

0.8501 31 15 

0.95008305 
0.98005690 
0.99004480 
1.00000000 

0.55004672 

0.65015840 

0.80015425 

0.90010962 

0.00000000 
0.001 56582 
0.00332090 
0.00422124 
0.00672067 

0.02008026 
0.03057650 
0.03729205 
0.04163773 
0.04444756 
0.04622552 

0.01 425356 

0.04725856 
0.04769324 
0.04758969 
0.04696607 
0.04582800 
0.04419414 
0.0421 0338 
0.03962178 
0.03683325 

0.03066279 

0.02381 999 
0.021 49488 
0.02066853 
0.01 924987 

0.03382498 

0.02735675 

Lower surface 

0.00000000 
0.001 32907 
0.00363288 

0.01099542 

0.05159383 
0.101 40343 
0.1 51 03566 
0.20072172 

0.30036462 
0.35027050 
0.4001 9257 

0.005721 49 

0.037 47037 

0.25050465 

0.45011455 
0.50003299 
0.54995349 
0.59988662 

0.69982283 

0.79984624 
0.84986905 
0.89989087 

0.97994303 
0.9899551 2 
1.00000000 

0.64984139 

0.74982698 

0.94991674 

0.00000000 
-0.001 06342 
-0.001 82660 
-0.001 75277 
-0 001 88968 
-0.00095004 
0.000301 98 
0.00270596 
0.00401 942 
0.004671 28 
0.00505683 
0.00543685 
0.00594808 
0.00663941 
0.00750201 
0.008501 68 
0.00959863 
0.01076437 
0.01 198460 
0.01325794 

0.01 59431 6 
0.07458428 

0.01 726522 
0.01839107 
0.01902732 
0.01 897901 
0.01 885944 
0.01924987 
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TABLE 2. - CHORDWISE PRESSURE ORIFICE LOCATIONS 

I n b o a r d  r o w ,  % Outboard r o w ,  % 
( C  = 137.3 i n . )  ( C  = 99.4 i n . )  

I d e n t i f i c a t i o n  no. 

L.S. 1 1.3 7.5 
2 0.86 1 .o 
3 O* 0 

U.S. 4 0.73 1 .o 
5 1.2 1.4 
6 3.3 3.6 
7 6.2 7.0 
8 8.2 9.1 
9 10.2 11.3 

10 12.6 14.0 
11 15.1 16.8 

13  20.1 22.4* 
1 4  25.0 27.7 

1 2  17.5 19.6 

1 5  29.8 33.0 
- 
* p r e s s u r e  o r i f i ce  i n o p e r a t i v e ,  

TABLE 3. - HOT-FILM SENSOR LOCATIONS 

L o c a t i o n  ( %  c h o r d )  
F l i g h t  

no. 
No.1, N o .  5, NO, 2 NO, 3 NO. 4 inboard o u t b o a r d  

46 3 5 10 15 20 25 
464 5 10 15 20 15 
465 5 10 15 20 15 
466 5 10 15 20 15 
467 5 10 75 20 15 
468 0 2 4 1 0  15 
469 1 2 4 10 15 
470 1 2 4 10 15 
471 1 2 4 10 15 
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TABLE 1. - Concluded. 

BL 210 

Upper surface 

0.00000000 
0.00064038 
0.00231698 
0.00423460 
0.00896232 
0.02850404 
0.0483701 5 
0.09846401 
0.14873490 
0.19900694 
0.24923596 
0.299421 19 
0.34957334 
0.39970335 
0.44981 991 
0.49992665 
0.550021 18 
0.60009874 
0.6501 5540 
0.70018880 
0.7501 9882 
0.8001 9082 
0.85017003 
0.9001 3943 
0.95009594 
0.98005892 
0.99004401 
1.00000000 

0.00000000 
0.00168623 
0.00351105 
0.00437767 
0.006841 25 
0.01 41 6007 
0.01989854 
0.03079307 
0.03846843 
0.04397168 
0.04789334 
0.05060329 
0.05233683 
0.05324466 
0.05342474 
0.05294707 
0.05 7 86946 
0.050251 24 
0.0481 5602 
0.04565582 
0.0428251 2 
0.039731 65 
0.03642500 
0.03291 567 
0.0291 5301 
0.02671 957 
0.02586887 
0.024481 76 

L o w e r  surface 

0.00000000 
0.00135993 
0.00368273 
0.00576508 
0.01 103770 
0.031 49631 
0.05162958 
0.101 5361 2 
0.1 51 26439 
0.20099323 
0.25076404 
0.30057854 
0.35042737 
0.40029652 
0.4507 7969 
0.50007335 
0.54997864 
0.599901 40 
0.64984456 
0.69981157 
0.749801 18  
0.79980958 
0.84983010 
0.89986053 
0.94990385 
0.97994075 
0.98995607 
1.00000000 

0.00000000 
-0.00118319 
-0.00201 224 
-0.00189731 
-0.001 96541 
-0.00049245 

0.001 41 087 
0.00549372 
0.00831183 
0.01 01 8376 
0.01 149391 
0.01 253994 
0.01 351 731 
0.01 453549 

0.01682052 
0.01805579 
0.01930069 
0.020509 1 G 
0.02163780 
0.02264740 
0.02349829 
0.02414459 
0.02451 81 0 
0.02451 409 
0.02426400 
0.0241 2866 
0.02448176 

0.01 563694 
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F i g u r e  1 .  
and f i b e r g l a s s  test s e c t i o n .  

I n - f l i g h t  photograph of F-15 a i r c r a f t  w i th  foam 
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Chord Dimensions 
Inboard (Cl) = 149.0 in. 

Outboard (C2) = 111.5 in. 

218 

I Extends back to 
I approximately 
I 
I 
I 

33 percent 
chord Not to scale 

I 1 4 H  

Figure 2. 
test section. 

Location of foam and fiberglass 

Closed cell 
polyurethane 

Four layers of fiberglass 
finished with bondo 
and polyester paint foa7 f One layer of 

unidirectional 
cloth 7 

I 
/ 3/16. 1/4 in. 

t 
Foam and fiberglass 

\ test section 

c Q / _ . - 1 5  Existing airfoil 

7349 

Figure 3. 
test section construction. 

Schematic of F-15 aircraft 
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ORIGINAL PAGE IS 
OE POOR QUALITY 

Figure 4 .  Notch-bump on inboard l e a d i n g  edge of test s e c t i o n .  
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I 

I 30 

in. 

7351 

Figure 5. 
perature gage installation. 

Closeup of typical hot-film sensor and tem- 



Figure  6. 
notch-bump installation. 

Hot-film sensors mounted on tes- section prior LU 
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Figure 7. Typical pressure distributions. 
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Figure 7. Continued. 
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M = 1.21 OLower surface 
Hp = 46,100 OUpper surface 

ALPHA = 2.2 
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Figure 7. Continued. 
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1;:; Inboard M = 1.20 OLower surface 
Hp = 45,650 OUpper surface 

ALPHA = 6.4 
- .8 

0 
0 

I :f 1 Outboard 

- .8 

.. 

CP l o "  

,11111 
:: 
.6 
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Figure  7 .  Continued. 
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I 36 



M = 1.46 OLower surface 
~p = 46,400  upper surface 
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1::: 1 Inboard M = 1.80 0 Lower surface 
~p = 54,700 0 Upper surface 
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F i g u r e  7 .  Continued. 
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(a) Alpha = 3.3.1 *lowgain setting. 

F i g u r e  8 .  Typical hot-film output. M = 0.9, Hp = 40,600 ft. 
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Figure 8 .  Concluded . 
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Figure 9. Typical hot-fi lm output. M = 1.738 Hp = 498200 ft8 a = 4.5'. 
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